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Behavioral effects of intracerebral injections of small amounts of cholinergic,
noradrenergic, and opiate agents into 125 sites in and around the locus ceruleus of
the cat were investigated. Many effects were found that could be related to dif-
ferent regions. Carbachol caused atonia comparable to the atonia during
paradoxical sleep; the most effective regions were the nucleus pontis centralis
caudalis and the subceruleus region. Carbachol injected into the nucleus pontis
centralis oralis caused defense reactions like hissing and growling and dis-
turbed vocalizations. Micturation and defecation were elicited by carbachol
injected near the nucleus laterodorsalis tegmenti. Carbachol caused ipsiversive
and contraversive circling when injected in or near the region of the norepinephrine-
containing cell bodies; this circling was probably not due to the NE cells. a-
Noradrenergic and opiate agonists injected into the part of the nucleus pontis
centralis oralis just rostral to the locus ceruleus caused behavioral inactivation. a-
Noradrenergic agonists caused vomiting; the most effective region was the
fourth ventricle. Naloxone injected intracerebrally in morphine-treated cats

Abbreviations: LC—Ilocus ceruleus, SC—subceruleus, PCO—nucleus pontis centralis
oralis, PCC—nucleus pontis centralis caudalis, NG—nucleus gigantocellularis, NE—
norepinephrine, LdT—nucleus laterodorsalis tegmenti, LCd—Ilocus ceruleus pars dorsalis.
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antagonized the morphine-induced stereotyped behavior and part of the behavioral
disturbance; it is suggested that this is due to the NE cells: An adequate sensori-
motor coordination was dependent on an intact central NE transmission. It is
suggested that the locus ceruleus acts as a sympathetic nucleus situated in the brain
with extensive parts of the central nervous system as its target regions.

INTRODUCTION

Since the discovery that the locus ceruleus (LC) contains the greatest
number of noradrenergic cell bodies in the central nervous system (19, 63)
many investigations have been devoted to the anatomy and function of this
small nucleus [for review see (3)]. The LC was reported to be involved in
paradoxical sleep, waking, nociception, anxiety, reward, extinction,
stimulus sampling, regulation of micturation, cardiovascularrenal func-
tions, and reducing the reaction to stress (3, 15, 17, 34, 40, 54). In most
studies lesions or electrical stimulation were used, whereas only in-
cidentally the intracerebral injection technique was used (9, 51, 62). The
advantages of the intracerebral injection technique are a more selective in-
fluence on cell bodies than on passing fibers, and the possibility of in-
fluencing a specified population of receptors. A disadvantage is the un-
predictable spread of the drug, but this can be met by the use of low doses,
small volumes, and a great number of injection sites.

In the present study the effects of cholinergic, (nor)adrenergic, and
opiate agonists injected intracerebrally into 125 sites in and around the LC
of cats were investigated. These drugs are selected because the activity of
the LC cells is increased by acetylcholine (7) and decreased by a-
norepinephrine(NE)-agonists, especially clonidine (10) and opiate agonists
(7). A systematic exploration of behavioral effects evoked by drugs
injected into this region of freely moving cats was undertaken to analyze
the behavioral phenomena in which the LC and its surrounding regions are
involved. Some effects partially or totally published previously (64, 65) wiil
be mentioned briefly here, because the combined occurrence of all effects
is part of the subject of this paper.

METHODS

Animals. In this study 45 adult and young adult cats of either sex were
used. From a large stock healthy cats were selected which approached the
experimentator purring and rubbing their heads against the experi-
mentator’s hand or against objects when their cages were opened
(*‘gentle cats’’). The cats were housed individually in stainless-steel cages
(60 x 40 x 40 cm) under standard laboratory conditions.

Surgery. Pentobarbital (Nembutal, 30 mg/kg, i.p.) anesthesia was used in
31 cats; if necessary an additional injection (5 to 10 mgkg, i.p.) of
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pentobarbital or thiopental (Nesdonal) was made. The remaining 14 cats
received initially ketamine (Vetalar, 20 to 30 mg/kg, i.m.), then anesthesia
was continued with halothane (artificial ventilation with N,O-0,, 2:1). The
halothane concentration was set at a level that caused complete abolish-
ment of the hind limb flexor reflex after a single pinch of the skin
between the toes (0.4 to 0.8% of halothane). Double-barrel stainless-steel
cannulae were used; the diameter of the outer cannula was 0.8 mm and of
the inner (dummy) cannula 0.5mm; its tip extended 1 mm beyond the outer
cannula (12). Cannulae directed 2 mm above the region of the LC,
(Horsley-Clarke coordinates: P 1.5t0 2.5, L 2.0t0 2.5, H —-0.3 to -2.0)
were bilaterally implanted. They were placed in a parasagittal plane at
an angle of 30° (Fig. 6) piercing the visual cortex, superior or inferior col-
liculus, and the lateral periaqueductal gray. The day after the operation
the general state of the cats was checked and several reflexes were tested.

Equipment. The observation box (80 x 80 x 80 ¢m) stood in a sound-
attenuated room; food, water, and a cat’s box were absent. The behavior
was observed via closed-circuit television and recorded on tape. The
camera was 2.5 m from the observation box; its position and its zoom lens
(11.5 to 90 mm) were remotely controlled.

Procedure. Detalils of the procedure were published elsewhere (66, 67).
Two days before the experiments the cats were familiarized with the
observation box. When female cats were rolling and adopted the posture
for copulation at a touch of their backs, it was added to the protocols that
they were in heat. A standard ethogram (11) was used for description of the
behavior. Cats received intracerebral injections (usually unilateral, always
0.5 pl) manually with a Hamilton syringe, the needle of which extended 2
mm beyond the site of the tip of the dummy cannula (duration of the
injection about 1 s). The behavior after injection was observed during at
least 45 min, the first 15 min of which the animals were left undisturbed;
only effects beginning in these first 15 min are included in this report.
Behavioral testing of animals showing muscular atonia is described else-
where (66); in three cases electromyograms of the neck muscles were
made. The experimental procedure used to study the effects of systemic
administration of morphine and intracerebral injections of naloxone are
extensively described elsewhere (67). In short, the cats received morphine
(5 mg/kg, i.p.) and 40 min thereafter an intracerebral injection of naloxone
(0.8 to 10 wg). With the dose and schedule of morphine injections used no
signs of morphine dependence were observed; all effects mentioned in this
report were observed in naive cats and in cats treated 2 days to 4 weeks
earlier with morphine. After some series of experiments, the original
dummy cannula was replaced by a cannula 1 to 2 mm longer to test sites
situated more ventrocaudally.
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Localization. At the end of the experiments the cats were anesthetized
with pentobarbital and transcardially perfused with saline followed by Susa
solution. The brains were sectioned in a parasagittal plane and stained
with Nissl’s stain. Of the 125 injection sites used in this study, 113 were
histologically localized [cf. (66)].

The demarcation of anatomic regions is according to Taber (64), Berman
(6), and Maeda et al. (39). The demarcation of the region of the NE cells is
indicated in Fig. 1 according to Maeda e¢ al. (39) and Poitras and
Parent (49). The pontine reticular formation rostral to the stereotaxic P 3.0

Fi1G. 1. Localization of the pontine NE cells (stippled) in the pontine tegmentum of the
cat. Localization of the injection sites from which clonidine (5 ug) elicited be-
havioral inactivation. @ —behavioral inactivation, -—no behavioral inactivation. Abbrevia-
tions in this and subsequent figures: BC—brachium conjunctivum, CG-—central gray,
Cl—colliculus inferior, CS—colliculus superior, LCd-—locus ceruleus pars dorsalis,
LCa—locus ceruleus pars ventralis, LdT —nucleus laterodorsalis tegmenti, MS—nucleus
tractus mesencephali nervi trigemini, Mo5-—nucleus motorius nervi trigemini, N7—
nervus facialis, NC-—nucleus cuneiformis, NG—nucleus gigantocellularis, NR—nucleus
ruber, P—tractus pyramidalis, PS—nucleus sensorius superior nervi trigemini, PCC—
nuclei pontis centralis caudalis, PCO—nucleus pontis centralis oralis, PG—pontine gray
(nuclei pontis), PL—nucleus parabrachialis lateralis, PM—nucleus parabrachialis
medialis, SC—subceruleus region, SO—oliva superior, TRC —nucleus reticularis tegmenti
pontis, pars centralis, TRP—nucleus reticularis tegmenti pontis, pars pericentralis, TV—
nucleus tegmenti ventralis, VL —nucleus vestibularis lateralis, and VS —nucleus vestibularis
superior.



56 P. A. M. VAN DONGEN

plane is called nucleus pontis centralis oralis (PCO), and the region
caudal to this plane nucleus pontis centralis caudalis (PCC). The region
called PCC in this study, according to Taber (64), is the rostral part of the
region designated gigantocellular tegmental field by Berman (6) and
Amatruda et al. (4). The localization of the injection sites is indicated in
composite drawings.

Data Analysis. The regions with most of the effective sites with regard
to each separate effect were demarcated. Four distinct regions were
statistically analyzed: the NE region, the central gray, the PCO, and
the PCC; inside each of these regions at least 10 injection sites were
present. For each effect a 2 X 4 contingency table (effective—ineffective
sites for four regions) was made and a x* test was used to indicate the
region—effect relationship. Then, a 2 X 2 contingency table (inside—-out-
side versus effective—ineffective) was made for each of the four regions,
and the probability (P) for finding the observed number of effective sites by
chance was calculated: P = 4P’, where P’ was calculated following the
two-tailed accurate binominal approximation (43) (the factor 4 is a cor-
rection for the number of tests). For each effect the number of ef-
fective sites in and near each region (i.e., at a distance of less than | mm)
was determined. To test the combined occurrence of effects, a cor-
relation matrix was made; the probability of combined occurrences was
again calculated according to the two-tailed accurate binominal ap-
proximation (43).

Drugs. The following drugs were used (the numbers between the
brackets indicate the dose and the number of injection sites tested with the
drug): carbamylcholine—HCI (carbachol, Sigma, 0.05t0 0.5 ug, N = 125),
atropine—-H,S0O, (Ned. Farm., | ug, N = 8), mecamylamine-HCl
(Merck, Sharp and Dohme, 0.6 ug, N = 6), [-norepinephrine - HCI (Fluka,
10 ug, N = 13), clonidine~HCI (Boehringer-Ingelheim, 5 ug, N = 47),
oxymetazoline—HCI (Ciba Arnhem, 5 ug, N = 9), isoprenalinebitartrate
(Sigma, 5 ug, N =9), piperoxane-HCl (Brocades, 5 ug, N =9),
yohimbine-HC! (Nogepha, N = 3), /-propranolol-HCl (ICI, 10 pg,
N = 10), d-amphetamine-H,SO, (Brocades, 5 ug, N = 4), desipramine—
HCI (Pertofran, Geigy, 5 ug, N = 4), apomorphine-HCI (**De Onderlinge
Pharmaceutische Groothande!”” OPG, 5 ug, N = 3), morphine-HCl
(OPG, 5 ug, N = 12), fentanyl-citrate (Janssen, 5 ug, N = 13), naloxone—-
HCI (Endo Laboratories, 0.8 to 10 ug, N = 48), procaine—HCI (OPG, 5
ug, N = 23), L-glutamic acid (Boom Meppel, 5 ug, N = 11), and saline
(0.5 pl, N = 45). All drugs were dissolved in saline, except yohimbine
(distilled water) and morphine (saline or distilled water). All doses refer to
the salts.
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RESULTS

The differential behavioral effects will be presented separately. The
injection sites were scattered in and around the NE region (Figs. 1,3-5,7).
The amount of tissue destruction due to the injections was small (Fig. 6). A
more extensive lesion of brain tissue was noted around the injection site in
one animal, so the data of this animal were discarded.

The effects of repeated injections of the same dose of a drug into the
same site in the dorsolateral pontine tegmentum were tested with an inter-
trial interval of 2 to 7 days. An initial effective site was also effective at
the second trial in 81% of the cases (Table 1). An initial effective injection
site could become ineffective; in these cases no tissue destruction nor
granulation tissue could be detected in the Nissl-stained material that could
explain the loss of effectiveness.

Muscular Atonia

Behavior Description. The cholinergic agonist carbachol (0.5 ug,
unilateral) caused muscle relaxation (42 effective sites) [for an extensive
description see (66)]. This was accompanied by a loss of tonus of the
neck muscles (Fig. 2). The 25 effective sites from a previous study were
included in this report. The carbachol-induced atonia was reproducible in
79% of the experiments (N = 19): three previously effective sites became
ineffective and four previously ineffective sites became effective (Table 1).

Other Drugs. The other drugs did not mimic the carbachol-induced
atonia (see Methods for dose and number of injection sites). The following

TABLE 1

Effects of Repeated Injections in the Dorsolateral Pontine Tegmentum®

Reproducibly

effective
+ + + - -+ - - (%)
Carbachol-induced atonia 15 4 3 22 79
Carbachol-induced asymmetry 17 5 2 20 77
Clonidine-induced vomiting 10 2 0 10 83
Naloxone-induced antagonism 5 0 0 6 100
Total 47 11 5 58 81

% + +, both injections effective; + —, first injection effective, second injection ineffec-
tive; — +, first injection ineffective, second injection effective; — —, both injections
ineffective.
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time UNILATERAL UNTREATED
after CARBACHOL (05 ug ) CONTROL
injection

1%
minutes

40
minutes

86
minutes

F16. 2. Electromyogram of the muscles of the neck of a cat after a unilateral intra-
cerebral injection of carbachol; note the absence of muscle tone.

drugs were tested in at least two carbachol-effective sites: /-NE, clonidine,
oxymetazoline, isoprenaline, piperoxane, /-propranolol, desipramine,
apomorphine, morphine, fentanyl, naloxone, procaine, and L-glutamic acid.
Localization. The region from which carbachol (0.5 ug) induced atonia
was situated ventral to the LC (H —3.0), and caudal to the level of the
tegmental nuclei of Gudden (P 1.0) [see also (66)]. It extended at least from
I. 1.0 to L 4.0, but the ventral and caudal borderlines of the effective
region could not be determined from the available injection sites. The ef-
fective region included the subceruleus region (SC), the caudal part of the
PCO, the PCC, and the nucleus gigantocellularis (NG). The region—effect
relationship tended to be significant (x> = 6.76, df = 3,0.05 < P < 0.10).
The most effective regions were the PCC (percentage effective sites:
in/near 46%, N = 37; outside 21%, N = 76) and the SC region (percentage
effective sites: in/near 38%, N = 56; outside 2195, N = 57) (Table 2).

Asymmetric Behavior

Behavior Description. Asymmetric behavior was elicited by unilateral
injections of carbachol (0.5 ug). An injection was considered to elicit
asymmetric behavior when the cat held its head turned sideward at an
angle of more than 90° with the body axis for more than 1 min during the
first 15 min after the injection; this could be accompanied by rotations.
When the cat turned during grooming, it was not counted as asymmetric
behavior. According to this criterium, asymmetric behavior occurred after
a unilateral injection of carbachol (0.5 ug) in 40 of 125 cases: 10 ipsiversive
and 30 contraversive. Injections of saline into this region never caused
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asymmetric behavior. The mean latency of asymmetric behavior was 2 min,
5s (range 30 s to 5 min); the duration was more than 45 min in all
experiments. Asymmetric behavior was reproducible in 77% of the
tests (N = 22).

In 20 of the 125 cases the cats made six rotations or more during the
first 15 min, which is the minimum to reach P < 0.05 in a two-
tailed binomial test. Of these 20 cases three made statistically significant
more rotations to the ipsilateral side and nine to the contralateral side. In
cases of ipsiversive and contraversive rotation the cats were circling about
stationary hind limbs. The turning was compulsive: when the animals were
raised from the floor, they still tried to turn in circles. Contraversive
turning and a statistically significant number of contralateral rotations
occurred after unilateral injections of 50 ng carbachol (N = 3). The
asymmetric behavior caused by 0.5 ug carbachol was antagonized by intra-
cerebral injections of the muscarine receptor antagonist atropine (1 ug, N
= 3) and not by an equivalent dose of the nicotine receptor antagonist
mecamylamine (0.6 ug, N = 2). Antagonism of ipsiversive rotations was
not tested.

Otier Drugs. The other drugs did not mimic the carbachol-induced

L10 CAUDAL—»

Fi1G. 3. Localization of the injection sites from which a unilateral intracerebral injection of
carbachol (0.5 ug) elicited turning. @ —contraversive turning, A —ipsiversive turning, e —
no turning. For the localization of the NE cells, see Fig. 1.
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asymmetric behavior (see Methods for dose and number of sites). The fol-
lowing drugs were tested in at least two carbachol-effective sites: [-NE,
clonidine, oxymetazoline, isoprenaline, piperoxane, [-propranolol, d-
amphetamine, morphine, fentanyl, procaine, and L-glutamic acid.

Localization. For the carbachol-induced asymmetric behavior a region -
effect relationship was present (x* = 15.61,-df = 6, 0.01 < P < 0.02).
Ipsiversive turning was elicited exclusively from injection sites in the
rostral pole of the NE region, and the PCO just rostral of it, i.e.,
near the nucleus laterodorsalis tegmenti (LdT) (Fig. 3). Most effective were
the NE region (percentage effective sites: in/near 15%, N = 68; outside
0%, N = 45)and the LdT (percentage effective sites: in/near 15%, N = 20
outside 4%, N = 93). Ineffective was the PCC (percentage effective sites:
in/near 0%, N = 37; outside 13%., N = 76). Sites in the fourth ventricle
were ineffective. Sites from which contraversive turning was elicited
were situated in a plane at an angle of 45° with the horizontal
plane from rostrodorsal to ventrocaudal partly along the ventricular wall
(Fig. 3). From the sites available the dorsal and ventral limits of this
plane could not be determined. Effective regions were in and near the
caudal central gray (CG) (percentage effective sites: in/near 40%, N = 41;
outside 20%, N = 72) and the NE region (percentage effective sites:
in/near 36%, N = 68; outside 18%, N = 45) (Table 2). Sites in the fourth
ventricle were ineffective.

Growling and Hissing

Behavior description. Growling and/or hissing was noticed after uni-
lateral injections of carbachol (0.5 ug) in 11 of 125 sites. These sites
were found in seven cats (three males and four females). Growling and
hissing occurred 15 to 210 min after the injection, when the cats were
approached by the experimentator. It was accompanied by open-mouth
threats and attempts to hit with the claws and to bite, followed by
quick withdrawal. When handled, these cats bit or hit the experimentator
suddenly. Other elements of the agonistic behavior occurred: small pupils
(N = 3), wide pupils (N = 6), sideward-turned ears (N = 3), flattened ears
{N = 6), and lashing tail movements (N = 11). (Lashing tail movements
and small or wide pupils were noted after injections into more sites, but
only sites where growling and hissing were elicited were regarded as ef-
fective.) Other vocalizations from the agonistic repertoire, namely cater-
wauls of fighting tomcats, or screams did not occur. In 2 out of these 11
cases spontaneous hissing was observed: without any noticeable change
in the observation room these cats suddenly turned their back to the
rearwall, hissed, and raised their forepaws. The latencies of this
behavior were 6 min, 15 s and 14 min, 20 s.
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At two of the three sites tested, the growling and hissing was repro-
ducible. (In one animal four repeated injections of carbachol caused
growling, hissing, and biting, after which the experiments with this animal
had to be terminated because it could not be handled without severe
constraint.) The days before and after the carbachol experiments the other
cats that directed their defense reaction to the experimentator reacted with
purring and rubbing their heads on objects when the experimentator
approached them, as they did formerly. The cats that were growling and
hissing did not show signs of distress before or during the injection. A
dose of 50 ng carbachol was not effective (N = 3) at sites where one of
0.5 ug was.

Other Drugs. The other drugs did not mimic the carbachol-induced
growling and hissing (see Methods for dose and number of sites). The
following drugs were tested in at least two carbachol-effective sites: cloni-
dine, fentanyl, procaine, and L-glutamic acid.

Localization. For the carbachol-induced growling and hissing a
region—effect relationship was present (x> = 81.36, df = 3, P < 0.001).
The most effective area was the PCO (P = 8 x 1074, Fig. 4) (percentage

+—ROSTRAL

Lo CAUDAL -

F16. 4. Localization of the injection sites from which a unilateral injection of carbachol
(0.5 ug) elicited growling and hissing, or elongated vocalizations. @—growling and hissing,
A-—clongated vocalizations, l-—both growling and hissing and elongated vocalizations.
For the localization of the NE cells, see Fig. 1.
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effective sites: in/near 19%, N = 54; outside 2%, N = 59). No effective
sites were present in the PCC nor in the fourth ventricle (Table 2).

Elongated Vocalizations

Behavior Description. Elongated, hoarse vocalizations were heard after
unilateral injections of carbachol (0.5 ug) into 12 of the 125 sites in 11 cats
(eight males and three females; none of the females was in heat). The vocal-
izations were similar in different cats. Normal mews had a duration of 0.2 to
0.6 s, incidentally to 1.0 s. The mean duration of the elongated vocaliza-
tions was 4.8 = (0.2 s (mean and SE, range 1.2 to 10.6 s, 265 consecu-
tive vocalizations in six cats). The mean latency was 5 min (range 2 min,
5 s to 10 min, 15 s) and the mean duration 8 min, 45 s (range 1 min,
15 sto 18 min, 30 s). The elongated vocalizations were emitted in bursts of
6 to 13 vocalizations per minute, alternated with single vocalizations for
some time. Such vocalizations were never heard from untreated cats: They
were different from the elongated, high pitched cries of kittens left alone,
from the elongated caterwauls of fighting tomcats, and from the elongated
cries of female cats in heat.

Other Drugs. Eight sites where carbachol caused elongated vocalizations
were tested with procaine (3 ug); at four of these sites, procaine induced
similar vocalizations (mean latency 45 s, mean duration 2 min, 20 s). At 15
sites where carbachol did not elicit elongated vocalizations, procaine was
also ineffective. The other drugs did not mimick the carbachol-induced,
elongated, hoarse vocalizations (see Methods for dose and number of
sites). The following drugs were tested in at least two carbachol-effective
sites: clonidine, oxymetazoline, fentanyl, and L-glutamic acid. Inci-
dentally, injections of saline and some other drugs (oxymetazoline 5 ug,
piperoxane 2 X 5 ug, morphine 2 X 5 ug) were followed by an increase in
the frequency of vocalizations, but these were normal with respect to
pitch and duration, and they were elicited from sites other than those
where carbachol caused elongated, hoarse vocalizations.

Localization. For the carbachol-induced elongated vocalizations the
region—effect relationship tended to be significant (}* = 6.94, df = 3,
0.05 < P < 0.10). Most effective sites were found in and near the PCO
(Fig. 4) (percentage effective sites: in/near 15%, N = 54; outside 7%,
N = 59; Table 2). Effective sites were not found more lateral than the L. 2.0
plane nor in the fourth ventricle.

Elimination (Defecation and Micturation)

Behavior Description. Micturation and defecation was observed after
unilateral intracerebral injections of carbachol (0.5 ug) in 10 of the 125
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sites. The way the cats micturated or defecated was species-specific;
sniffing of the feces or urine and digging movements occurred. Some ani-
mals adopted only the posture of defecation (flexion in the hip and
knee, and extension in the heel) and made movements with the flanks with-
out elimination. Cats remaining 2 h in a familiar observation box
without a cat’s box did not eliminate. Micturation and defecation are indi-
cated separately in Fig. 5, but are treated in the further analysis as a single
effect, elimination, because both effects could be elicited from identical or
adjacent sites. The mean latency of elimination was 4 min, 30 s (range 1
min, 15 sto 8 min, 55 s). Elimination was reproducible (N = 3) and caused
by as little as 50 ng carbachol (N = 2).

Other Drugs. At sites where carbachol did not cause elimination, a
bilateral injection of fentanyl (2 x 5 ug) caused defecation in 3 of 13 cases,
but unilateral injections of fentanyl (5 ug) at one of those sites were
ineffective. At three carbachol-ineffective sites clonidine (5 ng) caused
micturation; at these sites clonidine also caused vomiting (see below); they
were situated in and near the fourth ventricle. The other drugs did not cause

L10 CAUDAL-»

FiG. 5. Localization of the injection sites from which unilateral injections of clonidine
(5 ug) elicited vomiting, and from which unilateral injections of carbachol (0.5 ug)
elicited defecation and micturation. @ —clonidine-induced vomiting, B—carbachol-induced
defecation, A —carbachol-induced micturation. For the localization of NE cells, see Fig. 1.
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defecation or micturation. The following drugs were tested in at least two
carbachol-effective sites: clonidine, oxymetazoline, and fentanyl.

Localization. For carbachol-induced elimination the region—effect
relationship tended to be significant (y* = 7.35,df = 3, 0.05 < P < 0.10).
The effective region was situated in a plane with an angle of 45° with the
horizontal plane, along the ventricular wall from at least L 1.0 to L. 2.5
(Fig. 5); it partly overlapped with the region from which the contraversive
rotations were elicited. The most effective region was near the LdT
(Fig. 5) (percentage effective sites: in/near 30%; N = 20; outside 4%,
N = 93) and the central gray (P = 0.0068) (percentage effective sites:
in/near 17%, N = 41; outside 4%, N = 72). Sites in the fourth ventricle
were not effective.

Vomiting

Behavior Description. After a unilateral injection of the a-noradrenergic
agonist clonidine (5 ug), vomiting was observed in 10 of the 47 cases. This
vomiting was similar to normal vomiting. Initially, the cats rhythmically
put out their tongues, and opened and closed their mouths swallowing for 1
to 2 min. Thereafter they vomited with rhythmical movements of the flanks
and the head, making some steps backward. Sniffing the vomit occurred
regularly, and licking and eating it were observed occasionally. A single
injection caused this pattern two to five times, but after two to three times
the animals only retched. The clonidine-induced vomiting was repro-
ducible in 83% of the cases (N = 12). The mean latency of the first
vomiting was 6 min, 20 s (range 4 min to 9 min, 25 s). One micro-
gram clonidine did not induce vomiting (N = 5), when injected at sites
where 5 ug was effective.

Characterization of the Receptors. At clonidine-effective sites the a-
noradrenergic receptor agonist oxymetazoline (5 ug, N = 5) was also ef-
fective, whereas the B-noradrenergic receptor agonist isoprenaline (5 ug,
N = 5) was ineffective. The clonidine-induced vomiting was antagonized
by a-noradrenergic receptor antagonists; yohimbine (0.5 mg/kg, i.p.. 30
min before clonidine, N = 3) prevented vomiting, and piperoxane (10 ug,
intracerebral, at the same site as clonidine and administered just before
clonidine, N = 2) attenuated the vomiting.

Other Drugs. At clonidine—effective sites the clonidine~induced
vomiting was not mimicked by dJd-amphetamine (5 ug, N =4),
desipramine (5 ug, N = 4), morphine (5 ug, N = 5), fentanyl (5 png,
N = 5), or apomorphine (5 ug, N = 3), although the last three drugs
caused vomiting when administered systemically. At 2 of the 10 cloni-
dine—effective sites, carbachol (0.5 ug) caused retching and was in-
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effective at the remaining 8 clonidine—effective sites. After intracerebral
injections of the other drugs mentioned under Methods, at sites where
clonidine did not elicit vomiting, no vomiting or retching was observed.
At 3 of the 10 sites where clonidine caused vomiting, clonidine also caused
micturation. At other sites clonidine never caused micturation. The as-
sociation between the clonidine-induced micturation and the clonidine—
induced vomiting was statistically significant (P = 0.015).

Localization. For the clonidine-induced vomiting a region—effect
relationship was present (x* = 8.50, df = 3, 0.02 < P < 0.05). Evidently,
injection sites in or near the fourth ventricle were most effective (Fig. 5)
(percentage of effective sites: in/near 56%, N = 16; outside 3%, N = 31)
(Table 2). Also in the central gray many effective sites were found, but
these were in connection with the fourth ventricle: either the shaft of the
cannula had opened the ventricular wall or granulation tissue was
formed between the cannula track and the ventricular wall (Fig. 6).
Clonidine elicited vomiting only in one site remote from the ventricle. No
effective sites were in the NE region.

Activity

Behavior Description. After unilateral intracerebral injections of
clonidine (5 ug in 11 of 47 sites) and after bilateral injections of morphine
(2 X 5 pg; in 6 of 12 cats) the cats were behaviorally sedated, sitting with
their eyes closed and hardly moving. A trained observator of cat
behavior judged it as abnormal drug-induced inactivation. After a bilateral
injection of fentanyl (2 x 5 ug) cats were placed in an unfamiliar observa-
tion box; 4 of 13 cats interrupted their exploration behavior and be-
came inactive (mean latency 4 min, 30 s, range 3 min to 6 min, 40 s;
mean duration 6 min, 15 s, range 3 min to 11 min). When the cats were
placed in an unfamiliar observation box, the time spent walking and sniffing
was decreased to 50 and 30%, respectively (6 to 7 min after injection)
for the whole group (N = 18), compared with the saline-treated controls.
In the cats where fentanyl (bilateral) caused an interruption of the explora-
tion behavior, clonidine unilaterally injected either at the right or at the
left side caused inactivation.

Other Drugs. Unilateral injections of carbachol (0.5 ug) only at 2 of the
125 sites tested caused a similar inactivation; at both sites clonidine was
ineffective. Of course, the cats showing carbachol-induced atonia were
inactive, but clonidine-, morphine-, or fentanyl-treated cats were not
atonic and clonidine did not cause inactivation at sites where carbachol
caused atonia (cf. Table 3).

Localization. The sites from which clonidine induced inactivation were
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vomiting no vomiting

F1G. 6. Nissl-stained parasagittal sections showing the tracks of the cannulae near the
ventricle from which clonidine did or did not elicit vomiting.

clustered rostrodorsal to the LC pars dorsalis (LCd) and the Ldt (Fig. 1).
Most effective sites were in and near the LdT (percentage effective sites:
in/near 42%, N = 12; outside 6%, N = 35) and the PCO (percentage
effective sites: in/near 32%, N = 22; outside 4%, N = 25) (Table 2). Sites
in the fourth ventricle were not effective. Due to the bilateral in-
jections no relationship between morphine- or fentanyl-induced effects
and injection sites could be settled.

Naloxone-Induced Normalization of Morphine-induced Behavior

Behavior Description. The effects mentioned below were more
extensively described previously (67). Morphine-treated (5 mg/kg, i.p.)
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TABLE 3

Correlation Matrix for the Combined Occurrence of Different Drug-Induced Effects
from Identical Injection Sites®

Carbachol-induced
Clonidine-induced

Asym- Asym-
metry metry Growling/ Vocal- Elim- inacti-
contra ipsi Atonia hissing ization ination Vomiting vation
Carbachol-induced
{N = 125)
Atonia ~0.36 0.26
Growling/hissing -0.04 ~0.11 -0.04
Vocalization 0.16 ~0.09 ~0.16 0.22
Elimination 0.46 -0.04 -0.14 -0.10 0.01
Clonidine-induced
(N =47
Vomiting -6.13 -0.19 ~0.07 0.08 -~0.20 ~0.01
Inactivation 0.16 ~{.13 ~0.23 0.27 .39 ~3.19 -0.16
Naloxone-induced
(N = 48)
Normalization 0.14 ~0,15 0.08 ~0.07 0.08 0.20 -0.14 0.26

¢ Indicated is the ¢ coefficient. P values according to Moolenaar (43).

cats showed repetitive sequences of disintegrated patterns of poorly co-
ordinated behavior (13) and reacted inadequately to their environment
(68). After a bilateral (2 x 0.8 ug, N = 15) or a unilateral (2 ug, N = 48)
injection of the morphine receptor antagonist, naloxone, into the dorso-
lateral pontine tegmentum the cats could interrupt the repeated per-
formance of the sequences of disintegrated behavior, and instead of the
morphine-induced disturbance of behavior they showed an improved
sensorimotor coordination (mean latency 1 min, 15 s, range 30 s to 7 min;
mean duration 5 min, range 2 min, 35 s to 8 min). This effect was repro-
ducible (Table 1) and dose-dependent.

Localization. Most sites from which naloxone caused partial antago-
nism of morphine-induced behavior were located in and near the NE
region (Fig. 7) (percentage effective sites: in/near 39%, N = 31;
outside 12%, N = 17) (Table 2), and also many effective sites were
found in the PCC near the NE region (percentage effective sites:
in/near 47%, N = 17; outside 19%, N = 31) (Table 2). Few effective sites
were found in and near the L.dT and none in the fourth ventricle.

Combined Effects

A correlation matrix of the different effects was made (Table 3). This
table should be interpreted with caution because the effects observed might
be a priori dependent. For example, a combination of carbachol-induced
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CAUDAL—

Fi1G. 7. Localization of the injection sites from which naloxone (2 ug) elicited partial
antagonism of morphine-induced behavior. @-—antagonism of morphine-induced head
movements, A —antagonism of morphine-induced stereotyped patterns, ll—antagonism of
morphine-induced stereotyped patterns and active normalized behavior, e—no naloxone-
induced effects. For the localization of the NE cells, see Fig. 1.

atonia and carbachol-induced asymmetric behavior might be impossible;
for ipsiversive turning and carbachol-induced atonia, however, a positive
association was found (P = 0.028), so the strong negative association be-
tween carbachol-induced atonia and carbachol-induced contraversive
turning (P < 0.001) was not an a priori result. Effects elicited from about
the same region were always positively associated: carbachol-induced
hissing/growling and carbachol-induced elongated vocalization and
clonidine-induced inactivation (all in PCO), carbachol-induced con-
traversive turning and carbachol-induced elimination (both in/near the
central gray), and clonidine-induced inactivation and naloxone-induced
normalization of behavior (both in/near the NE region). A positive as-
sociation was found between the clonidine-induced vomiting and the
clonidine-induced micturation (P = 0.015; not in Table 3). The combined
occurrence of clonidine-induced vomiting and all other effects shown in
Table 3 were tested: the expected combined occurrences are tested
against the observed combined occurrences: A negative association exists
(P < 0.05, Wilcoxon).
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DISCUSSION
The Intracerebral Injection Technique

The various techniques to manipulate brain regions have their specific
advantages and disadvantages (44, 45, 52, 56, 59). The advantage of the
intracerebral injection technique is the possibility of studying acute effects,
to affect specific receptors, and to exclude effects due to interactions of the
drugs with passing fibers, when local anesthetic effects are excluded. The
major disadvantage of the intracerebral injection technique is the
unpredictable spread of the drug, which can be restricted or extensive (44,
45, 56). The amount of drug which can be found in the target region,
fluctuates considerably among different injection sites [cf. tables in (44,
45)]. So, injections in the effective region can be ineffective, even when the
dose is well above the ‘‘real’” threshold dose. Moreover, small to
considerable amounts of the drugs can be found back in remote regions (44,
45, 56); this can cause the occurrence of effective sites outside the effective
region. These limitations seem to be intrinsic to the intracerebral injection
technique. When a large number of injection sites in combination with low
doses of drugs is used, these limitations are overcome. This appeared an
effective strategy to ascribe drug-induced effects to limited anatomic
regions.

Another problem has to be solved: cholinergic and adrenergic drugs not
only influence neurons but also the local cerebral circulation. g-
Adrenoceptor-stimulating agents and low doses of cholinergic agonists
cause vasodilatation and a-adrenoceptor-stimulating agents and high doses
of cholinergic agonists cause vasoconstriction (22). Yet, neither a- nor -
adrenoceptor-stimulating agents (clonidine, oxymetazoline, isoprenaline)
nor /-NE mimicked the effects of the cholinergic agonist carbachol. So, the
effects were probably not due to their influence on the local cerebral
circulation.

Effects via the Ventricle? Clonidine-Induced vomiting

a-Noradrenergic receptor agonists (clonidine, oxymetazoline) injected
into the fourth ventricle caused vomiting or retching. Similar effects
occur after systemic injections of clonidine or other centrally acting
sympathomimetic drugs (23, 50). Comparison of the threshold doses
after systemic injections with those of intracerebral injections (20 ug/kg
and 5 ug, respectively) makes it unlikely that the vomiting after intra-
cerebral injections was due to diffusion of the drug to the peripheral
system. Yohimbine antagonized the vomiting induced by clonidine
systemically (23) or intracerebrally administered; so the receptors in-
volved are a-NE-like receptors.



LOCUS CERULEUS AND BEHAVIOR 71

Injections into and near the fourth ventricle were most effective (Fig. 6,
Table 2). Because only sites in the central gray which were in con-
nection with the fourth ventricle were effective, it can be safely
assumed that the vomiting-inducing a-NE-like receptors are not situated
in the central gray, but are elsewhere in or near the ventricular
wall. The more remote area postrema in the ventricular wall is
reported to be involved in vomiting (8), and in this region (nor)-
adrenergic (dopamine-B-hydroxylase-containing) terminals are found
in close relation with the ependymal cells of the ventricular wall (65);
their activity is probably mimicked by injection of a-adrenoceptor
agonists in the fourth ventricle. Clonidine caused vomiting from only one
site remote from the ventricle; this indicated that, as arule, only a pharma-
cologically insignificant amount of clonidine reached the ventricle. The
negative association between sites from which clonidine-induced vomiting
was elicited and sites from which the other effects were elicited, indicates
that none of the other effects was mediated via the ventricle.

Carbachol-Induced Atonia

With regard to the carbachol-induced atonia, the present study cor-
roborates conclusions of an earlier study in which a smaller number of
injection sites was used (66). In this study evidence is presented that the
muscles are indeed atonic. The occurrence of effective sites was high in the
SC region and in the PCC. Because (i) effective sites were found medial,
ventral, and caudal to the NE region in this and in other studies (4, 14),
and (ii) the carbachol-induced atonia is not influenced by «- and 8-NE-
receptor blocking agents, nor by an intracerebral injection of the
catecholamine-selective neurotoxin 6-hydroxydopamine (66), we may con-
clude that the carbachol-induced atonia is mediated via the pontine retic-
ular formation and not via the NE cells. As no effective sites were found
in the PCO rostral to the stereotaxic P 1.0 plane, the PCC rather than the
PCO mediates the carbachol-induced atonia.

Because the carbachol-induced atonia is related to atonia during para-
doxical sleep (4, 42), our data might imply that the PCC, and not the
pontine NE cells, generates atonia during paradoxical sleep. This is in agree-
ment with recently reported conclusions that (i) the presence of LC cells,
or of NE at terminal sites is not necessary for paradoxical sleep [cf. (32)]
and (ii) LC cells are silent during paradoxical sleep (25, 33). Furthermore,
the descending NE fibers of the L.C and SC to the spinal motor regions (47)
enable locomotion (28) rather than generate atonia.

Carbachol-Induced Asymmetric Behavior

Asymmetric behavior was elicited by carbachol probably via muscarinic
receptors because atropine but not mecamylamine blocked these
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carbachol-induced effects. From many sites in and near the NE region
ipsiversive as well as contraversive turnings could be elicited (Fig. 3).
Experiments with electrical stimulation (17) and lesions of the NE region
(20, 21) yielded either ipsiversive, contraversive, or no rotations. Because
(i) clonidine, which decreases the activity of the LC cells (10), did not
induce rotation (ii) the NE cells project bilaterally (31), and (iii) electro-
lytic lesions produce stronger rotation than the more specific 6-
hydroxydopamine-induced lesions (21), we suggest that the NE cells do not
significantly contribute to turning behavior.

Manipulations in the dorsolateral pontine tegmentum yielded ipsiversive
as well as contraversive rotations. This again underlines that rotations
can not be simply used as a specific model for one transmitter system.

Defense Behavior

The agonistic behavior after a number of injections of carbachol
(growling, hissing, attempts to hit and bite) was similar to the species-
specific defense reaction of the cat (38). Evidently, the effective region in
this respect was the PCO. This is in agreement with other studies with
carbachol injections or electrical stimulation of this region or the adjacent
mesencephalic central gray (1, 5, 30). The carbachol-induced defense
reaction cannot be regarded as an emotional reaction to the carbachol-
induced atonia, because both effects were not correlated (Table 3) and
were elicited from different regions.

Electrical stimulation of the NE region is also reported to yield reactions
like those to threatening stimuli in the monkey (53, 54), and feeling of fear
in man [(46), precise localization is lacking]; in the rat, however, flight
reactions are observed only very rarely (17, 61). On the contrary, lesions
of the LC or its ascending fibers increase behavioral measures of
anxiety (18, 41). Because (i) in our study defense reactions were elicited
from the PCO, and (ii) the threshold stimulation current is generally lower
for myelinated fibers than for cell bodies (52), our data and the data
of Redmond (54) are in agreement, if one assumes that the flight and
defense reactions caused by electrical stimulation were due to stimulation
of afferent or efferent fibers of the PCO.

Elongated Vocalizations

Carbachol injected into the PCO caused hoarse vocalizations with a
longer duration than normal mews. These vocalizations can be ascribed to
actions on cell bodies as well as on passing fibers, because procaine in-
jected into this region caused similar vocalizations. The elongated
vocalizations cannot be regarded as an emotional reaction to the car-
bachol-induced atonia, because both effects were not correlated and were
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elicited from different regions. Electrical stimulation in this region also
yielded vocalization, sometimes associated with growling (35, 36). Both
defense reactions and elongated vocalization were elicited from the PCO,
but the structures mediating both effects must be different, because (i)
procaine never caused defense reactions, and (ii) both effects also occurred
separately as well after injections of carbachol as after electrical stim-
ulation (36).

Elimination

Carbachol often caused defecation and micturation when injected near
the LdT; this is in agreement with findings of Hernandez-Péon e al. (30).
Although electrical stimulation and lesions of the NE region were reported
to have urogenital effects (2, 27, 32, 55), recent functional and anatomic
findings indicate that these effects are mediated via the LdT rather
than via the NE cells (58). Although effects on defecation after
lesions or electrical stimulation of the LC region were described (32, 57),
our data indicate that these effects are due to influences on afferent or ef-
ferent fibers of the LdT rather than to influences on the NE cells.

Activity

The activity of the cats was diminished both after a unilateral injection
of clonidine just rostral to and into the L.Cd, and after bilateral in-
jections of morphine and fentanyl. This is in agreement with the finding that
morphine injected near the L.C of rats also decreased activity measured in
self-stimulation experiments and in the open field situation {(9) and
personal communication]. However, there are some conflicting data in
this respect (62).

Both NE agonists (especially clonidine) and opiate agonists {(morphine
and fentanyl) suppress the maintained activity of LC cells (7, 10, 37), and
the opiate receptor binding sites and opiate-sensitive cells were reported to
be abundant in the LC and rare in the surrounding regions (7, 48). So, an
attractive interpretation might be to impute behavioral effects elicited both
by NE agonists and by opiate agonists injected into a region close to the
LC to diffusion of the drugs to the L.C region. But we do not share this
interpretation for the clonidine-induced inactivation, because effective in-
jection sites were not clustered around but were just rostral to the LC.
Moreover, most authors do not find a change in the activity of rats after de-
struction of the LC or its ascending fibers [e.g., (18, 55)], but a few
authors describe a decrease in the activity (2). Our data in the cat together
with the above investigations in the rat suggest that a decrease in the
activity of the animals is due to the portion of the PCO just rostral to
the NE cells.
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Partial Antagonism of Morphine-induced Behavior

Previously we presented evidence in favor of the hypothesis that the
naloxone-induced partial antagonism of morphine-disturbed behavior
was due to the action of naloxone on the NE cells (67). Morphine
systemically administered decreased the activity of the LC cells (37),
disturbed the reaction of cats to their environment (68), and caused
stereotyped behavior (13). Naloxone antagonized the morphine-induced
decrease in the activity of the L.C cells (7). Thus, naloxone injected into and
near the NE region of morphine-treated cats can be assumed to re-
store the activity of the NE cells, and it diminished the disturbance in
the sensorimotor coordination in these animals and the occurrence of
morphine-induced stereotyped movements. Accordingly, we put forward
the hypothesis that (i) morphine-induced decrease in the activity of the
pontine NE cells is a necessary condition for the occurrence of the
morphine-induced sensorimotor disturbance, and (ii) naloxone, inducing
restoration of the activity of the NE cells of morphine-treated cats,
is able to restore the sensorimotor and integrative functions of the parts
of the central nervous system that receive terminals from the NE region.

General

As mentioned above, restoration of the activity of the NE cells of mor-
phine-treated cats is suggested to restore the reactions of the animal to its
environment. This is in agreement with the following findings: (i)
activity of the LC cells increases the signal-to-noise ratio of cerebellar
Purkinje cells (26), hippocampal pyramidal cells (60), and auditory cor-
tex cells (24); and (ii) the LC is suggested to be involved in filtering away
irrelevant stimuli (40).

Morphological resemblance exists between the pontine NE cells and the
peripheral (sympathetic) NE cells (3, 29). Electrical stimulation of the LC
increases the turnover of peripheral NE via the sympathetic system (16).
These considerations give support to the hypothesis of Hartman and
Udenfriend (29) that there is also a functional resemblance: the central NE
cells prepare the central nervous system to cope with a crisis sifuation.
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